STEM classrooms (science, technology, engineering, and mathematics) 
Improvement efforts in postsecondary STEM education (science, technology, engineering, and mathematics) at the classroom level have largely focused on the opportunities provided by instructors for student engagement with course content (American Association for the Advancement of Science, 2009; Handelsman, Miller, & Pfund, 2007) . While postsecondary classrooms traditionally employ passive delivery techniques, such as lecturing, a range of cognitive engagement activities is available to instructors. These diverse active learning approaches-including small group work, cooperative interactions, scaffolded practice, and developing metacognition-are implemented with wide variation. Although a meta-analysis of over 200 studies demonstrated the benefit of active learning over traditional lecturing in STEM environments (Freeman et al., 2014) , few studies have compared the relative effectiveness of different types of active learning approaches. The traditional nature of lecturing in STEM classrooms is accentuated in large courses, especially those found at universities with large introductory course enrollments (President's Council of Advisors on Science and Technology, 2012) . As postsecondary science classrooms move toward greater use of evidence-based active learning practices, experimental comparisons of these different approaches could provide guiding design principles for best practices in the active STEM classroom. This goes beyond accepting best practices in education to ask the more detailed question: In what ways should college STEM courses be redesigned for active learning?
Chi and Wylie (Chi, 2009; Chi & Wylie, 2014 ) developed a framework for categorizing different learning tasks in terms of what students are doing when they complete a task. While other frameworks exist to conceptualize active learning, the ICAP framework describes observable elements in classroom practice. This makes it particularly well suited for design, analysis, and research by instructors of large student populations. The ICAP framework outlines four levels of activity, ranging from most engaged to least engaged: interactive, constructive, active, and passive. As proposed by Chi and Wylie (2014) , in a passive activity, students receive information but do not otherwise overtly engage with the learning material. Activities are defined as active if they require focused motor movement, such as underlining or 2 copying selected text passages. Constructive activities go beyond active, by requiring students to synthesize their own ideas and generate a novel output, such as a concept map. Finally, an interactive activity is one in which students engage in a substantive exchange of ideas leading to a new level of understanding. Starting with passive, each subsequent category involves an increased level of activity, with the highest amount of learning predicted to come from the more engaged activities (Menekse, Stump, Krause, & Chi, 2013) . Based on this observable framework, the highest amount of learning is predicted to come from interactive activities in which students cocreate a tangible product that incorporates each student's ideas. Specifically, ICAP predicts that interactive activities will support more learning than constructive activities. These additional learning gains are hypothesized to come from increased levels of student engagement. The ICAP framework is a particularly wellsuited framework from which to examine detailed active learning techniques because of the observable nature of the student activities at each level, but this does not diminish the quality or usefulness of other frameworks on teaching and learning (e.g., Chen et al., 2014; Oleson & Hora, 2014) .
Support for the ICAP hypothesis comes indirectly from analysis of completed studies that compared the effectiveness of different modes of learning that could, in retrospect, be classified along the ICAP spectrum (Chi & Wylie, 2014; Linton, Farmer, & Peterson, 2014; Linton, Pangle, Wyatt, Powell, & Sherwood, 2014; Menekse et al., 2013) . These retrospective analyses provide particularly strong support for the benefit of constructive activities, such as building concept maps and self-explaining, over either active or passive behaviors (Coleman, Brown, & Rivkin, 1997; Gobert & Clement, 1999) . Fewer studies have compared the effectiveness of activities that could be classified as interactive, such as collaborative note taking or cooperatively building a concept map, and those that are primarily constructive. Studies testing constructive against interactive activities either were conducted in non-college classroom settings (Chi, Roy, & Hausmann, 2008; Kramarski & Dudai, 2009; Rummel, Spada, & Hauser, 2009) or did not detect differences between interactive and constructive activities (Kam et al., 2005; Menekse et al., 2013) . Consistent with these findings, a recent study in an undergraduate biology classroom, which tested the benefit of coupling peer discussion with an independent writing component, did not find greater gains in student writing scores when compared with a writing-alone group, despite increased time on task (Linton, Farmer, & Peterson, 2014) . Although this study was not explicitly designed to compare interactive and constructive activities, given the ICAP hypothesis, we would predict that adding the interactive peer discussion component would have increased student learning over the constructive activity of written self-explanations. However, a course-long comparison of the benefits of peer discussion in an undergraduate biology classroom did find that students who completed in-class activities in groups rather than individually performed better on exam questions requiring higher-order cognitive skills (Linton, Pangle, et al., 2014) .
In addition to the retrospective studies described so far, the ICAP hypothesis has been directly tested by comparing activities explicitly designed to fall into one of the four ICAP categories (Menekse et al., 2013) . In this direct test of the ICAP hypothesis performed in a college engineering classroom, constructive activities were found to be more beneficial for student learning than either active or passive activities. However, no added benefit was detected when students engaged in an interactive activity versus a constructive activity. This may have been due either to the small sample size (n = 42) or fidelity of implementation in a classroom setting, as a companion study under controlled laboratory conditions did show increased student learning with each subsequent level of activity, as predicted by the ICAP hypothesis. Thus, there is currently only limited support for the prediction that interactive activities promote higher learning gains than do constructive activities in the more ecologically relevant setting of a college classroom.
Common undergraduate STEM courses need improvement to meet national goals (President's Council of Advisors on Science and Technology, 2012), but curricular redesign requires considerable time and effort. It is important to assess the potential benefits of adopting different teaching strategies so that they can be weighed against the costs of design, especially in the most intensely active classroom designs. This is critical for STEM instructors, who often do not have training in education best practices and are most attuned to quantitative data to uptake new teaching strategies. Interactive activities require meaningful exchange between at least two different parties and thus are more challenging for even expert practitioners to implement in a large classroom setting. To outweigh this potential "cost," it is important to determine whether the theoretical gains predicted by the ICAP framework, especially at the higher levels of constructive and interactive, are reflected in the complex cultural environments of the college STEM classroom. In addition, no studies have explored whether the predicted benefits stemming from increased interaction are the same for different demographic populations. Given the diverse cultural funds of knowledge that exist in student populations, we expect differences in the engagement of these students with complicated social practices, such as learning in STEM classrooms (Azevedo, 2013) . We attempt a more responsive understanding of student cultural practices, not with the intent to describe them in any appropriate detail, but rather to view this diversity as a rich source of potential solutions for historically intransigent gaps in outcomes for students from underrepresented groups in STEM fields (Gay, 2010) . The observable nature of explicit 3 elements of the ICAP framework makes this investigation possible for real, large classroom environments.
Postsecondary STEM classrooms are a particularly good environment in which to study education outcomes-by the relative adherence to widespread traditional practices, the current increased focus on improving STEM graduation outcomes, the discrete answers on high-cognitive quizzes, and the large numbers of students enrolled in introductory STEM courses. While this quasi-experiment could have been performed in a suitable classroom outside of STEM, we used a STEM classroom because it provided a setting with these logistic needs while addressing growing national concerns over improved college STEM courses. In this study, we ask the following questions:
Research Question 1: Are interactive activities more effective than constructive activities at promoting student learning in a large undergraduate STEM classroom?
If so, then these data may help to determine whether additional learning benefits in interactive redesign are worth the resource costs for instructors.
Research Question 2:
Do different demographic populations respond similarly to these interventions?
If so, then these data may help instructors take advantage of differences in responding to long-standing and problematic achievement gaps.
To answer these questions, we have designed paired sets of in-class activities that differ only in their mode of student engagement: constructive or interactive. The activities were implemented in two sections of a large college STEM classroom. In this course, each student engaged serially on different days in constructive and interactive activities on different topics, which enabled us to analyze student performance using a repeated measures approach. Demographic and student performance data were used to assess potential interactions between activity-type and student characteristics. Our results indicate that, in a pairwise comparison, interactive activities promote increased learning over constructive activities in an ecological setting and that all students benefit equally from this enhanced level of activity. We hope that this result will inform practitioners and investigators within and possibly beyond STEM higher education.
Methods

Setting
This research took place in an introductory biology course at a large research-focused (R1) public university. The class was taught in back-to-back sections of ~350 students, each for 50 minutes four times per week by the same instructor. Associated 2.5-hr labs were held each week of the 10-week course. Students were evaluated through several assignments, with the majority of variation in grades coming from four noncumulative exams. Demographic and academic student information was collected from the university registrar.
As described by registrar statistics, this classroom comprised 61% female students, 6% community college transfer students, 56% non-Caucasian students, 46% first-generation students, and 18% underrepresented minorities. Students in the class were predominantly of sophomore and junior standing and declared a range of majors, typically in the natural sciences. The average SAT scores of this population were 549 for math and 515 for verbal. All classroom and student consent were protected and managed under Institutional Review Board protocols. No students opted out of the study population for use of their outcome and demographic data. Chi-square comparison of demographic data between the two sections did not reveal significant differences between the groups (Table 1) .
The split-section environment allows for relatively controlled quasi-experimentation with teaching techniques or interventions. Within this framework, broad-spectrum variables are relatively well controlled, including topic, instructor, classroom environment, time on task, instruction wording, and motivating factors (Figure 1 ). Students selfselected into one of two large sections of the course; so, random assignment into treatment groups was not possible, and these methods technically constitute a quasi-experimental rather than a randomized controlled experiment. It is within this controlled system that instruction was manipulated between interactive and constructive student activities.
Four topics were chosen for use in constructive-versusinteractive quasi-experiments. These four commonly taught topics in cell biology were chosen for their ubiquity among introductory science coursework and applicability of designed activities to similar courses at other institutions. 4
The four topics were protein translation, eukaryotic gene regulation, cell cycle and cancer, and polymerase chain reaction. One of the four quasi-experimental topic days was removed from data analysis as explained in Statistical Analysis of Student Performance on Posttests section.
Activity Design
Design of activities was conducted with principles described in the ICAP framework (Chi & Wylie, 2014) . No real-world activity is a perfect fit into a single ICAP category, and the activities that we designed here are no exception; our goal was to create quasi-experimental treatments that were predominantly within a single category and for which the differences were otherwise minimal.
In designing constructive versions of activities, we focused on providing opportunities for students to generate outputs of their own understanding that went beyond the answers provided. Consistent with the criteria outlined by Chi and Wylie (2014) , students were asked to integrate concepts across texts, to compare and contrast mechanisms, and to predict outcomes for new situations using conceptual understandings from relevant but distinct examples. These student actions were central to completing in-class tasks and were design elements that made constructive versions of activities more likely to support student engagement beyond the lower, "active" level of the ICAP framework. Throughout our constructive activities, students worked in small groups, but interaction with group members was not required to complete the activity.
In designing interactive versions of activities, interactions among students to cogenerate new understanding were prioritized. Typically, this was done through adaptation of a "jigsaw" model (Aronson, 2002; Johnson, Maruyama, Johnson, Nelson, & Skon, 1981) in which students were first given one of three possible worksheets (Figure 2 ). Students first learned one of the three subtopics and then reorganized to peer-teach their subtopics to peers who had initially learned about other subtopics. While peer-teaching, or jigsaw, strategies are not inherently interactive in the ICAP framework, these adapted jigsaws required groups to solve high-level cognitive tasks requiring information from each student and thinking significantly beyond what any one student was given. Unlike the constructive activities, student interactions in the groups were structured through guiding prompts to maximize substantive exchange of ideas, a key element of interactive activities (Chi & Wylie, 2014) . These prompts explicitly structured group participation (Bell, 2004; Weinberger, Ertl, Fischer, & Mandl, 2005) by promoting dialogue among students by (1) building "turn taking" into the activity to limit the possibility that one student would dominate the conversation and (2) guiding students to act as facilitators, not lecturers, when teaching the concepts that they learned to their new group to minimize the potential for students to resort to passively lecturing one another. Without prompting, students may fail to determine the key concepts that they have learned prior to trying to answer a review question, or they may jump to assembling each person's pieces of information without first critically analyzing each piece. Our aim was to promote "interactive" engagement by scripting what students should be doing at each step during the activity and structuring how students shared their learning through a "social script" (Kollar, Fischer, & Hesse, 2006; Weinberger et al., 2005) that specifies the way that the learners interact.
To keep the two types of activities as similar as possible, we focused only on scaffolding the interactive activity with social scripts that structured the interaction among group members rather than providing additional conceptual support (Kollar et al., 2006; Weinberger et al., 2005 ). An example of a social script is When the instructor tells you to, form a new group with a Data Set 3 and Data Set 4 expert. Group members will each have 4 min to briefly summarize their gene regulation data and to test their groupmates' understanding with a "check for understanding" question.
An example of an epistemic script is 
Note that the first of four comparisons was removed in the final statistical analysis (explanation in Methods section).
To plan your summary, answer the question below. As you answer the question, write down what elements from your data set/supporting information were critical for you to successfully answer the question.
An example of an epistemic script included in both interactive and constructive activities is List the key concepts and/or main points that you have learned from the data and the supporting information. In your list include the following information: What proteins are involved in DNA packing and histone acetylation? How does this differ between prokaryotes and eukaryotes?
Sample scripts are included in the online supplementary materials.
Importantly, the two versions of the activities contained identical content. The only difference was in the presence or absence of guiding scripts and the way that the group FIGURE 2. Example of the difference between interactive and constructive strategies for a single learning goal. This diagram gives an example of the differences in design between interactive and constructive activities. In the constructive strategy, students collaboratively work through three mechanisms. They then use this conceptual understanding to build new knowledge in the synthesis questions that goes beyond the initial three mechanisms. In the interactive strategy, each student becomes a "micro expert" in one of the mechanisms. Concept questions provide opportunities for students to engage with increasingly higher levels of cognitive difficult on the topic material. The synthesis questions can be successfully completed only by students who interact through debate and justification to parse a correct answer.
6 interaction was structured in class. Group work was facilitated in both versions of activities, even though it would have been possible to create constructive versions without student interaction. Reflection on early versions of similar quasi-experiments convinced us that comparing a group activity with a personal activity would introduce confounds that would have made interpretation of outcome data problematic. In other words, experience demonstrated that it was more important to keep data interpretation simple than to increase the likelihood of observing differences between versions.
Redesign of classroom activities was conducted iteratively across several prior quarters of the same course. Student feedback, including online written evaluations and directed focus groups, was used to develop clearer and more focused activities. Redesign tasks within our research team and with input from colleagues helped to incrementally center each activity into predominantly constructive and predominantly interactive domains. During this process, activities were optimized for clarity, and low cognitive-level questions were removed. In their place were questions that created better links for all activities among elements of the classroom materials. All versions of the activities underwent three to six rounds of such editing. Investigators and instructors held discussions and editing meetings to go through several iterations of each activity, and editing goals were explicitly focused on the multiple audiences of research, on student use, and on scientific accuracy.
Implementation of research activities was overseen by investigators in addition to course instructors. For each quasi-experimental day, at least two investigators were on hand to assist and observe procedural flow. Postclass research meetings involved careful discussions comparing the activity implementation in both sections as well as across quasi-experimental topics. This included comparisons of student concerns and problem areas (as directly observed and reported through teaching assistants working with the course) as well as comparisons of classroom timelines with plans and across sections. Irregularities were noted and discussed before data analysis for comparison.
Measures
Pre-and posttests. To assess student understanding of the key concepts introduced in the in-class activities, we designed multiple-choice tests aligned with each activity's learning goals. Each test contained 8 items focused primarily on assessing higher-order cognitive skills (Bloom, Krathwohl, & Masia, 1956; Crowe, Dirks, & Wenderoth, 2008) . For example, a question about protein translation asked, You are tasked with genetically engineering a new ribosome that can still do the same job as a normal ribosome but has less mass. You can eliminate the A-site, the P-site, or the E-site. Which one do you eliminate to make a smaller ribosome that would still function in translation?
Correctly answering this novel and imaginative problem requires an understanding of process details and big-picture synthesis of topics from class. Questions were designed to be at exam-level difficulty and were iteratively improved over multiple courses based on student answers and feedback to eliminate confusing elements or grammar. As a measure of content validity, each question was reviewed by at least four experts in cell and molecular biology. Experts were in consensus regarding the scientific accuracy of 88% of the questions. For the remaining 12% of the items, up to two reviewers identified possible exceptions to the expected answers. After reviewing these latter items, we determined that students would have needed expert-level understanding to be aware of the rare exceptions or alternative interpretations that were identified by the expert reviewers. As we are measuring understanding of introductory biology students, we made the decision to include student data from all the questions in our analysis. To test the assumption that each question was measuring the same construct as the rest of the items on the test, we assessed item fit (Bond & Fox, 2001) using the eRM package in R (Mair & Hatzinger, 2007) . Based on earlier analyses, three questions were revised to more closely align with the learning goals of the activities. Revised item fit for questions indicated that all items fit within the ranges intended for multiple-choice questions based on INFIT and OUTFIT statistics (Gustafsson, 1980) . Rasch analysis of posttest results confirmed that there was a range of item difficulty on each of the tests allowing discrimination among students. For each activity, students completed the 8-item test online on the night prior to the activity as part of a daily reading quiz and then repeated the same 8-item test the night of the activity as part of the daily reading quiz for the subsequent day's lecture.
In-class observations. To document the overall level of student behavioral engagement during the two treatments, we monitored the number of students interacting during the class sessions. Two experienced observers from the university's Center for Teaching and Learning attended each of the six class sessions in which the constructive and interactive activities were implemented. Prior to observation of these class sessions, observers met to discuss the observation protocol and then conducted a trial observation using the proposed protocol. The protocol was refined to ensure that all observers were using consistent criteria for interactive behaviors. To determine whether students were interacting, observers looked for the following behaviors: talking and/or listening to another student, leaning toward and looking at another student, and sharing or looking at the worksheet with another student. The observers then followed the refined observation protocol for each class session. Observers recorded two data points for each row: the total number of students in the row and, of those students, the total number of students visibly engaged in discussion. These two data 7 points were recorded at two time points during the class session: (1) during the first small group activity as students were working through the activity themselves (constructive) or peer-teaching the others in their group (interactive) and (2) during the second small group activity as students were completing the "synthesis questions" (used for both constructive and interactive treatments). Each row was observed for approximately 1 min during the first activity and 45 s during the second activity. All observation data were recorded on a dedicated observation chart. After the observations were completed, all data were entered into a spreadsheet, and counts of the numbers of interactive students were averaged for each row of the lecture hall, including a total class average for each activity. We assumed that the total number of students per row remained constant within a single class session. The instructor kept each class to a strict time schedule and allotted equivalent time on task for each activity in the constructive and interactive sessions.
Observation data were pooled across topics for constructive and interactive activity days. A similar number of students were observed for each treatment (constructive, n = 660; interactive, n = 647). Only students in the first 10 rows out of the 15-row classroom were included in the analysis, due to incomplete observation data for the last five rows for two activities. Interrater reliability calculated with the intraclass correlation ranged from moderate to strong depending on the observer pair (0.62-0.85; Landis & Koch, 1977; Portney & Watkins, 2000) . One of the observers was present at all six class sessions and performed the count of total number of students per row at the beginning of each class session. We chose to use that observer's data for maximum consistency across treatment and topic.
Statistical Analysis of Student Performance on Posttests
Data were analyzed with a generalized mixed effects model with ordinal regression. Our overall process was to (1) curate a final data set, (2) build and test a final model, and (3) expand on the model to investigate interactions between student demographics and activity type.
Data from this study included repeated measures of students' performance in two contexts: constructive versus interactive activities. Thus, statistical analyses had to account for the nonindependence of the posttest scores (posttest scores of the same student are more likely to be similar than are posttest scores of different students). All pre-and postitems used are available in the online supplementary materials. In addition, posttest scores on any individual activity were not normally distributed; instead, they were left skewed and tightly bounded. Both properties made typical linear regression analysis inappropriate. Instead, we employed a generalized mixed effects model with ordinal regression using the ordinal package in R (Christensen, 2010) . Mixed effect models include a random effect term that can account for hierarchical structure in the data (in this case, multiple posttest scores per student). Ordinal regression treats the posttest score as if it were an ordered categorical measure, which is a reasonable approach in this case because the possible scores on the posttest are tightly bounded (ranging 0-8) and partial credit was not possible. Ordinal regressions model the odds of getting at least one additional question correct on the posttest with an increase in an explanatory variable (e.g., as student grade point average [GPA] increases, the odds that a student will get at least one additional question correct on the posttest increases). Because the study design was quasi-random (students self-selected into two sections), we included cumulative college GPA (as of their participation in the course studied) in the model to control for potential differences in student ability between the two classes. This measure has been shown in prior studies at this institution to strongly predict student performance in the introductory biology series (Eddy, Converse, & Wenderoth, 2015; Freeman, Haak, & Wenderoth, 2011) . The model also included measures of demographics, including gender and race (including ethnicity) as described by the university registrar. The university's binary designation category for Education Opportunities Program was used to approximate socioeconomic status, as is customary in this institution.
Data from one of the four quasi-experiments was removed from the statistical analysis. On the day of the first ~750-student experiment, researchers identified procedural errors that confused participants and confounded student engagement in the in-class activities. Students were confused about activity instructions to the point that they were unlikely to productively engage with the tasks given. These observations were corroborated by responses to a survey item asking students whether they agreed that expectations for the assignment were clear. Students in both treatments of this first experiment were far more likely to indicate confusion with the goals of that particular class when compared with all other treatments and experiments. We therefore did not include data from the first experimental day in the final statistical analysis, because these data were drawn from incomparable implementations and would be misleading. Instead, we focus on the remaining three activities that were successfully implemented.
In a preliminary analysis, we explored whether the treatment effect was consistent across the three activities or whether it varied by activity topic (a Treatment × Activity interaction term). We did not find support for this interaction term (p > .28 for each comparison) and did not include it in the final model. Thus, our final model was as follows: We expanded this model to test for interactions between activity type and several demographic variables, including socioeconomic status (a binary variable indicating whether a student was eligible for the Education Opportunities Program), gender (represented as a binary, as we did not have the sample size to test the impact of activities on students who did not identify as male or female), and race as defined by federally recognized underrepresented minority populations (Office of Minority Affairs and Diversity, 2016). Likelihood ratio tests were used to test the goodness of fit between the base model and alternative models including these demographic variables and interaction terms.
Results
Did Interactive Activities Lead to More Student Interaction
Than Constructive Activities?
Consistent with the increased structure and role assignments built into the interactive activities, we found significantly more students talking to one another during the interactive activities than the constructive activities (Fisher's exact test, p < .001, p = .01, respectively, for the two observation time points) as shown in Table 2 .
Did Interactive Activities Lead to Higher Learning Gains
Results for pre-and postscores for the three quasi-experimental activities are shown in Figure 3 .
Model estimates from the ordinal regression analyses (shown in Table 3 ) show a significant effect of interactive activity on student learning gains. On an eight-item content quiz in a pre-and postformat, a student taught with an interactive strategy was 25% more likely to answer at least one additional question correctly on the posttest than that same student taught with a constructive strategy. This change is similar in magnitude to the difference that we would expect on the posttest for a student who has a cumulative GPA that is a quarter point higher than another student's. This supports the prediction made within the ICAP framework (Chi & Wylie, 2014) .
Did the Impact of Interactive Activities Differ Among
Groups of Students?
By adding demographic variables to the model, we could test whether the impact of interactive activities was greater for students of different backgrounds. Likelihood ratio test results (shown in Table 4) reveal that adding a main effect for socioeconomic class, gender, or race or an interaction term between treatment and that particular identity did not increase the fit of the model to the data (p = .9975, .3375, and .9789, respectively). Thus, we find no significant evidence that the impact of completing a constructive versus interactive activity varied among student groups.
Discussion
Given infinite time and resources, all classrooms are likely to be best taught with an ambitious blend of multiple strategies that have been honed over time with similarly diverse students. In reality, college STEM classrooms are often taught in whatever method is most logistically expedient. For those who would produce positive change in these learning environments and, thus, on their outcomes for graduates and future scientists, deeper investigation into costs and benefits is crucial. Practical limitations put pressure on the STEM education workforce to make well-informed decisions about the small number of focused changes that can be implemented.
We have reported quasi-experimental results indicating a significant benefit for student learning from interactive activities versus constructive activities. This not only supports a prediction in previous theoretical work (Chi & Wylie, 2014) , but also informs instructional design choices that are being made in STEM classrooms as instructors implement active learning. While other parts of this framework have conceptual or lab-based support, our work uses rigorous quasi-experimentation in a "field test" of active learning in a large-enrollment STEM classroom environment. When controlling for the learning environment, student characteristics and specific aspects of the activities (e.g., the total time on task or amount of group work), we see a small but significant benefit from interactive learning as compared with even very active learning strategies categorized as constructive. This can inform implementation of best practices in and perhaps beyond STEM classrooms.
In this study, we explored the relative impact of interactive activities on student learning in a college classroom. An Note. At two times during the class session, observers noted whether students in a sample of working groups were talking to each other. The data were pooled across three class sessions for each version of the activity. More students were talking with their groupmates during interactive versions of the activities. P values based on Fisher's exact test (2-tailed).
intrinsic limitation to this approach is the inability to ensure that students participating in the two types of activities (interactive and constructive) were indeed engaging in intended Note. Across the three activity days, students given interactive activity were more likely to answer at least one additional question correct on the posttest relative to students given a constructive version of the same activity, after controlling for a student's cumulative college GPA and his or her score on the pretest for that activity. Results are based on the following ordinal regression model: posttest score ~ treatment + mean-centered cumulative college GPA + mean-centered pretest score + (1|student ID). Only the fixed effects are shown in the table. These model results demonstrate a positive effect on learning observed in the interactive classrooms sessions and gives context for this effect by comparison with other predictors in the model. GPA = grade point average. Note. Student demographics did not increase the fit of the models to the data, so they were not included in the final model. Using forward model selection, we stepwise added a main effect term and compared this expanded model with the base model using a likelihood ratio test. We then compared a model with only the main effect of the demographic variable with a model containing an interaction between the term and the treatment. The base model was as follows: posttest score ~ cumulative GPA + pretest score + treatment. According to the table data, student demographic data were not important predictors of differences in student learning gains. AIC = Akaike information criterion; SES = socioeconomic status; GPA = grade point average.
10 behaviors. Classroom observations indicate increased interaction among students completing the interactive activities relative to the constructive activities. However, students completing the constructive activity may not have been engaged in the interactive behavior of co-constructing knowledge. Similarly, students participating in the interactive activities may have been engaged only in the constructive process of building their own knowledge. This is true of any activity in real classrooms: Even students engaged in the seemingly identical process of highlighting a text passage may be operating at a simply active level of engagement or instead be internally summarizing ideas and making connections among different ideas as they highlight. We can likely assume (1) that a certain percentage of the students completing the constructive activity were actually engaged in co-construction and thus working at an interactive level and (2) that a certain percentage of the students participating in the interactive activity were not building off of one another's ideas but instead operating at a constructive level. In this case, the observed small difference in student learning between the two modes of instruction may be relevant to real classrooms while remaining a conservative estimate of the relative benefit that an interactive activity might demonstrate in an ideal environment. However, since these activities will be implemented in large classrooms where students are unlikely to follow guidelines explicitly and there will likely be other fidelity-of-implementation issues, it is important to recognize that the theoretical gains of an interactive activity may not be fully realized but can still result in a small and valuable increase in learning. The 24% gain observed is encapsulated in the possible correct choice of at least one multiple-choice question on each quiz. STEM students answer many thousands of multiple-choice questions within their overall education, so these four posttests represent a tiny part of their total output and are only a partial representation of their actual learning. Prior success in university courses (measured by GPA) and prequiz scores are better predictors of posttest outcomes, indicating that this effect is subtle. How much stock should we put in this observed learning benefit? There are good reasons to be skeptical. Multiple-choice questions may be answered correctly for a variety of reasons unrelated to deep conceptual knowledge (Darling-Hammond & Adamson, 2014; Stanger-Hall, 2012) . Furthermore, no single intervention demonstrated a statistically significant increase in class population performance on a pre-and postquiz. However, the subtlety of the treatment makes the presence of a significant signal noteworthy. Indeed, several previous studies in college classrooms that compared predominantly interactive activities with activities that could be classified as constructive did not find support for the predicted benefit of interactive activities (Kam et al., 2005; Linton, Pangle, et al., 2014; Menekse et al., 2013) . There are several possible explanations for the lack of significant differences in these studies, as compared with studies performed in controlled laboratory settings. First, many of the studies had small sample sizes (n < 50) and so may not have had the statistical power necessary to detect small differences in learning gains. Second, fidelity of implementation is difficult to achieve in any ecological classroom setting. Third, optimal experimental design is often not compatible with an existing course syllabus or classroom logistics. Results may be confounded by other factors, such as the order in which students complete different types of activities. For example, if students complete an interactive activity prior to a constructive activity on the same topic, student performance on the constructive activity may be inflated due to an increased understanding gained from prior engagement during the interactive activity (Menekse et al., 2013) .
In the study reported here, the large student population and use of a repeated measures study design may have been necessary to detect a signal resulting from these subtle changes in the mode of instruction. While the effects are subtle, they are still on a comparable scale to two intrinsic factors (GPA and prior knowledge) that reflect years of student learning. At this scale, it is impressive to see a result based on a slight shift in activity design (1.24×) that is almost two thirds of the magnitude of all prior student prior learning that influenced the prequiz score (1.87×). Last, it is worth noting that pre-and postexams earned credit for students based on nongraded participation. For this reason, the observed increase in relative score may have been somewhat conservative as a proxy for student learning.
The learning outcomes observed here may be additive when interactive education is used repeatedly. Indeed, a course-long study comparing students who completed inclass activities in groups and individually showed that students who worked interactively performed better on exam questions requiring higher-order cognitive skills (Linton, Farmer, & Peterson, 2014) . Given the complicated and social nature of human learning (Lave & Wenger, 1991) , it may be that any small intervention with an observed statistically significant improvement in outcome may hint at the rest of the iceberg of possible benefits related to slight instructional shift in practice. Increases in learning gains may benefit students in learning later topics more quickly (due to their improved and more receptive background) or in learning related topics more deeply (due to a smaller accumulation of misconceptions).
Intensely active strategies at the top of the ICAP spectrum are likely to bring intrinsic benefits not captured within our result. Constructive and interactive methods give students opportunities to practice collaborative work, which will ideally lead to improved social skills and training for collaborative work in science (Fine & Harrington, 2004; Rosenberg, Lorenzo, & Mazur, 2006) . Both methods have the capacity to position students in a growth mind-set as apprenticing experts instead of passive receivers as in traditional lecture classrooms (Nasir & Hand, 2006; Yeager & Dweck, 2012) . Both activities are likely to result in improved learning outcomes similar to those observed in a variety of STEM teaching environments from even the partial use of active learning strategies (Dauer & Long, 2015; Freeman et al., 2014) . Indeed, more inclusive and more effective classrooms in other fields and types of institutions may already tend toward these methods (Pascarella & Blaich, 2013) .
In addition to the shared benefits of constructive and interactive activities, there are unique benefits that come from engaging in an interactive activity. For example, interactive methods have the special characteristic of placing students as "micro experts," which gives them opportunities to improve attitudinal outcomes, such as confidence and grit (Duckworth, Peterson, Matthews, & Kelly, 2007) . Also, there is an increased level of accountability built into the interactive activity since all members of the group must contribute, which may help causally explain the learning gains seen here. Last, the increased structure built into the interactive activity may create more equitable group dynamics by explicitly tasking each group member with an active role. While these likely gains are important for the development of next-generation scientists, all are extra benefits unrelated with the positive results described here.
We found no evidence for disparities in learning gains between the two different instructional strategies in reference to different demographic groups of students. We cannot rule out that there may be greater diversity within registrardelineated groups than between these groups or that there may be a lack of power in our analytic procedures and statistical analysis. Further research would clearly need to be done to demonstrate equity among intensely active instructional strategies. These studies should include inspection of finer-grain analyses of student intersectionality/identity, as well as a better understanding of the diverse relationships within working groups (Eddy et al., 2015) . For now, it is at least encouraging, given commonly observed gaps in student outcomes, that our close analysis does not demonstrate obvious learning gaps along ethnic, racial, gender, or firstgeneration-status groups. This suggests that highly active learning strategies may be a partial solution in light of historically intransigent gaps in STEM education outcomes for underrepresented groups and that these highly active learning strategies may represent a more equitable mode of instruction. More work is needed.
Several important factors are beyond our observation. Prior student experience with well-facilitated active learning may influence the benefits that students receive from these classroom strategies. The classrooms used in the quasiexperiments described here employed intensely active learning strategies within an environment in which active learning was a daily norm. The benefits of interactive activities might be predicted to be higher in classrooms where students were already acculturated to their use, or they might be predicted to be lower in situations where the novelty and increased classroom energy would wane after repeated usage. While we have no instrument with which to measure "shyness" in students, this might be a predictor for relatively poor performance in more conversationally based teaching modes. However, it is also possible that students may have had previous negative experiences with active learning and were therefore less willing to fully engage. While it is likely that a diversity of instructional methods is best, the extent to which prior student experience with active learning mediates these gains will require further research.
Implications
Improved student outcomes suggest that interactive teaching strategies are likely to be the superior mode of intensely active instruction. These results provide an initial suggestion that interactive instruction may be the best option for STEM classrooms in which instructors are well resourced. To adjust curricula and implement more interactive student activities, undergraduate instructors could engage in a combination of professional development, skills-based practice, mentored instructional design, and observation of peers already utilizing these strategies effectively. These investments will help to guide iterative improvement of courses and sessions even around cutting-edge topics in science.
Achieving sustainable and faithful adoption of researchbased teaching practices has proven to be extremely difficult (Henderson & Dancy, 2007) . It is therefore very important to weigh the relative costs and benefits of different learning strategies prior to investing resources in curricular redesign. Interactive strategies may require more from instructors both in development time and class management skills. In our experience, implementing the interactive activities in a large lecture hall required a higher level of organization and preplanning to ensure that each student initially received a different activity packet and then was able to easily identify nearby students who had worked on the other packets for the "sharing" portion of the activity. During debriefing after the activity, instructors also indicated that the interactive activities required more effort in class management than the constructive activities due to the need to ensure that all students had sufficient time to "teach" their sections to the group. It may therefore be best to limit the use of interactive methods to those topics most easily adapted for student use in this format (e.g., subjects for which the learning goals require conceptual understanding of multiple mechanisms). Greater overall improvement of student learning might be provided, not by moving activities from constructive to interactive, but rather by targeting those resources to shifts from passive to active instruction or from active to constructive. More research is needed to better understand the potential gains to students and instructors from interactive or constructive methods. This will help to better guide instructional development decisions at many levels. Given the lack of uniformity of quality active learning in postsecondary education, developing interactive activities might not be the "lowhanging fruit" for change that would best serve students.
Student learning is not a simple scale; the benefits of instructional choices will be mediated by complex characteristics of individual and group learning within a dynamic cultural environment (Bang & Medin, 2010) . For active learning, these mediations remain incompletely understood. Active classrooms may have some benefit for groups traditionally underserved by more didactic instruction (Freeman et al., 2014) . The extent to which this benefit reaches all students will require deeper cultural research with implementation of intensely active experiences. Our data suggest no overt link among race, gender, and added benefit from interactive activities when compared with constructive. This may indicate that we do not have the power or the breadth to understand these links yet, that students benefit equitably from increased activity, or that predictors for differential benefit are more complex and/or social than those to which we have access. This research will be most useful when conducted locally by practitioners to best inform instructional choices
Conclusion
Through a repeated measures quasi-experimental design, these data support the prediction of the highest contrast in the ICAP framework that had not previously been examined in ecological classroom studies. Specifically, student outcomes were improved in a STEM classroom when taught in an interactive manner versus a constructive manner. No differences were observed in the relative impact on students from different underrepresented groups. Teachers, even with postsecondary audiences, must make instructional decisions that influence student social interactions. These instructional decisions are likely to be more important as postsecondary courses continue to transition from passive lecture to more involved and socially engaged models of instruction especially in large college classrooms even beyond STEM. To best understand the use of intensely active teaching strategies, the professional development and discipline-based practices of instructors must be better understood. Future research into the predictions of frameworks around the use of active learning strategies must necessarily engage directly in the dialogue within and between students and instructors. SARAH L. EDDY is an assistant professor in the Department of Biology and in the STEM Transformation Institute at Florida International University. Her research focuses on identifying factors influencing student persistence in undergraduate science majors for the purpose of increasing retention, especially of students from historically underserved populations. DANIEL Z. GRUNSPAN is a postdoctoral scholar at the Center for Evolution and Medicine at Arizona State University. His research interests include the formation and importance of undergraduate networks, equity in STEM classrooms, and evolutionary medicine education. ALISON J. CROWE is a principal lecturer in the Department of Biology at University of Washington. Her research interests include developing programmatic level assessments to facilitate curricular reform and designing active learning exercises that promote equity in the classroom.
